This is a study to determine what kind of materials could be used in the Spallation Neutron Source ring to prevent electron accumulation due to the secondary emission. The calculations presented here are simple but based on experimental facts. Practical recommendations for the accumulator ring are considered.
INTRODUCTION
For high intensity proton machines, electron cloud formation may lead to instabilities. Proton beam instabilities have been observed at LANL PSR [ 
11, AGS Booster in BNL [2], KEK Booster [3]
, and CERN PS [4] . A probable explanation of these instabilities is that there exists a large electron density in the vacuum chamber that interacts with the proton beam. This leads to a transverse mode coupling instability between the circulating protons and oscillating electrons trapped in the proton potential well. Multipacting drastically increases the electron density, which, in turn, leads to the instability. The purpose of this paper is to ascertain the risk of electron accumulation in the SNS ring.
The phenomenon of electron accumulation is described in [5] . We are interested here in electron accumulation for the bunched beam mode. For bunched beams there are two scenarios, single pass and multi-pass, for electron accumulation. These bunched beam scenarios are presented in the following sections.
DETERMINATION OF THE THRESHOLD SEM COEFFICIENT

I Single Pass Electron Accumulation
The first mechanism of electron accumulation is related to multipacting at the trailing edge of the proton beam. On the trailing edge of the proton bunch, the longitudinal bunch density is decreasing causing the electrons to gain energy. If there are many electrons from beam losses at the longitudinal center of the bunch, or if the secondary emission coefficient is large, the electron cloud density could reach the density of the proton beam. Almost all electrons accumulated in a single pass disappear in the beam gap due to their own space charge. These effects are estimated in this section.
To model this scenario, a computer code was created that calculates 1D electron trajectories, starting from the vacuum chamber wall. After an electron strikes the wall, secondary electrons are emitted depending on the initial energy of the primary electron. The secondary electrons oscillate in the proton potential, gaining energy at the rate of about 100 eV per traversal of the vacuum chamber. Figure 1 shows an example of electron motion (solid line) with respect to the proton bunch distribution (dashed line). The zero longitudinal coordinate corresponds to the center of the beam gap, the initial electron vertical coordinate is close to the vacuum chamber radius of 5 cm, and the initial distance between the gap and the electron is 38 meters. Initially the electron oscillation amplitude decreases due to the increasing proton beam density. Once the proton beam center has passed the electron, the transverse amplitude increases and the electron finally hits the wall several times, losing all its energy with each impact. In the model, the total number of secondary emission electrons is summed over all collisions with the vacuum chamber using the formula for secondary emission yield y(E) from Reference [6] and assuming the primary electrons are normal to the surface. That is:
where E,,, = 400eV and y, , depends on the vacuum chamber material. The proton beam transverse distribution is taken to be constant within the beam radius, and equal to zero otherwise. 
Multi-Turn Electron Accumulation
Multi-turn electron accumulation is more complicated than single pass accumulation. It significantly depends not only on the SEM coefficient but also on the energy and angle distribution of the secondary electrons, the proton beam gap length, the amount of beam in the gap, etc. A simple model can be used to explain the main idea. Assume that the proton beam has a rectangular longitudinal distribution and a uniform transverse distribution (see Figure 3 ). The electron energies outside the proton beam are determined by the energy distribution of the secondary emission electrons. Since these energies are small compared to the electric potential of the proton beam, inside the proton beam the electrons oscillate according to the cosine law and have the maximum kinetic energies up to several keV, depending on the beam intensity. For example, the electric potential at the center of the PSR proton beam is about 5 kV. At the end of the proton beam the fkequency and the bunch length determine the electron transverse oscillation phase. For a 90-degree electron phase advance, the electron energy at the end would be equal to the electric potential, more than enough to produce the secondary electrons. Some of these particles survive the beam gap and repeat the described process again. When the electron cloud density is big enough to repel the secondary particles back into the wall, the accumulation saturates.
A computer code was written to study both the effects of gap survival and the electric field generated by the electrons. The code assumes that the proton beam and electron cloud are both cylindrically symmetric within a round, straight section, vacuum chamber. Longitudinal electric fields are ignored, since they produce velocities small compared to the beam velocity. The electron phase space distribution is modeled as a sum of cylindrical shells. The acceleration of shellj due to shell k is taken to be nonzero only if rk < r,.
In this case the acceleration is (qJ271 m)&rj/(dZ + r;), where & is the charge per unit length on shell k. The smoothing length d is of order 1 millimeter, which is small compared to the 0=8 millimeter rms beam size. The electric field due to the beam has the same form as that for the electrons with the beam at r=O, he replaced by the instantaneous proton line density &, and d2 +2d. We assume E , = 300 eV and also allow for electron reflections. The reflection coefficient versus impact energy is given by R(E) = & exp(-E/SO eV). Electrons are created at the wall with a generation rate proportional to the instantaneous proton line density. The time average generation rate is 2* 1 07-electrons/meter/tum and the simulation results saturate for larger production rates. Tables 2 and 3 show the results for PSR and SNS, respectively. The minimum value of the electron line density, min(Q, is that which survives the gap, and is an appropriate input parameter for a wakefield description of the e-p instability. Notice that min(&) depends strongly on &, but weakly on both the bunch shape and the secondary emission yield. It also depends on gap length. Qwll stands for the integrated charge that strikes the vacuum chamber per turn per cm2. The variation of other parameters is similar to that in the simple model described earlier. 
PRACTICAL CONSEQUENCES
The calculated threshold SEM coefficient was estimated to be in the range 1.8-2. Consequently, every piece of the vacuum chamber should be coated with TiN, which has a maximum SEM of about 1.5. Because of convolutions (see e.g. [SI), the unshielded bellow coefficient could be about 20% higher than that number. If the bellow surface is coated with TiN and is well conditioned (the maximum 0.5 2.5 2.4 0.52 0.5 3.0 1.6 0.52 0.5 3.0 11.7 0.56 SEM is about lS), one can expect the resulting coefficient not to exceed 1.8. Thus, it is likely that the SNS ring will not undergo electron cloud build-up in the bellows. However, since 1.8 is a marginal value, it is worthwhile to install electron detectors to check this conclusion. In addition, the ring will have a relatively high vacuum ( 5~1 0 -~ Torr) to reduce the initial electron density, a beam-in-gap kicker to reduce number of electrons surviving the gap, and an electron collector near the stripping foil. 
